Abstract: Camelina sativa is an oilseed crop that is increasingly used as a source of biopolymer and biofuel. Thirteen accessions were crossed in all pairwise combinations. Some crosses yielded progeny that exhibited best-parent heterosis for traits associated with seed yield, though mid-parent heterosis was more commonly found.
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Camelina sativa L. Crantz is a member of the mustard family, Brassicaceae. The species was introduced into America from Eurasia in the second half of the 19th century. In North America and Europe, Camelina has been developed as a feedstock for biofuel and biopolymer production, for cooking oil and animal feed. It has not been the subject of extensive breeding efforts, though improvement in seed yield, seed quality (e.g., linolenic, erucic, and oleic acid concentration as well as glucosinolate levels), heat tolerance, downy mildew resistance, and water and nitrogen use efficiencies are mentioned as objectives for breeding (Iskandarov et al. 2014) . Efforts to improve the crop have relied upon among accession variation in traits (Vollmann et al. 2007) , though more recently, genetic maps have been developed to locate QTLs for seed yield, seed oil content and plant height (Gehringer et al. 2006) , and Agrobacterium-mediated genetic transformation has been employed to engineer seed oil characteristics (Kang et al. 2011) .
Because Camelina sativa is self-compatible and exhibits high levels of spontaneous self-pollination (Manca et al. 2013) , hybrid breeding has not been used in genetic improvement, though in theory, the introduction of male-sterility or self-incompatibility through genetic transformation could facilitate commercial hybrid production. Hybrid breeding is often used to improve crops. Heterosis (best-parent heterosis) is said to occur when the progeny produced by crossing lines outperform the parents (e.g., in growth rate, yield). Heterosis may also refer to instances in which the progeny outperform the mid-parent value. Published studies of heterosis in Camelina sativa are absent, and so it is presently unknown whether it would be worthwhile to develop tools for hybrid production (e.g., self-sterility) to improve the crop.
Dominance heterosis is hypothesized to arise when dominant alleles mask the effects of deleterious recessive alleles present in a heterozygous state. Because of its high level of self-pollination, accessions of Camelina sativa can be considered to be equivalent to near inbred lines (Manca et al. 2013) . While some researchers have suggested that much of the genetic load arising from deleterious recessive alleles should be purged in plants that undergo natural self-pollination, theoretical analyses of inbreeding and purging have shown that when many deleterious mutations are partly expressed in the heterozygous state and their individual effects are weak, purging is inefficient (Charlesworth et al. 1990 ). Overdominance heterosis is said to occur in cases where the heterozygous genotype is superior to the homozygous genotype; e.g., as a result of overexpression of genes when in the heterozygote state (Chen 2013) .
The goals of this study were to assess the heterotic potential of Camelina sativa for several traits associated with yield (see below). While time and limited resources restricted us to a relatively modest investigation (e.g., 13 accessions crossed and progeny-tested in only a single, greenhouse environment), it was deemed valuable to present our findings due to growing interest in using this species as an industrial crop. Seeds of 13 different accessions were acquired from Plant Gene Resources of Canada, Saskatoon; these were selected from different parts of the range in Europe (Table 1) .
Parental seed was sown in March 2014 in an insect-free greenhouse in the McGill Phytotron. The S 1 progeny were produced through self-pollination of flowers for one generation. For F 1 progeny, artificial crosses were made after anther removal from individual flowers (with closed anther sacs), followed by brush transfer of pollen from flowers of the pollen parent plants. Reciprocal crosses were not made. From the 78 pairwise crosses, 10 F 1 progeny and 20 S 1 progeny (10 per parent) were grown, yielding a total of 2340 plants for analysis.
Camelina sativa plants will self-pollinate if no external pollen is transferred to the stigmas. To check whether the artificial cross-pollinations were as intended, we employed genetic markers (microsatellites) to genotype the parents and their progeny in 20 separate instances. The intention was to provide a quality-control test on our methods, rather than to test the genetic identity of every progeny individual produced.
To obtain the microsatellite data, we selected a single young leaf from each of the 20 tested trios of parents and a single putative hybrid offspring, extracted DNA from the leaf of each plant using the DNeasy Qiagen ™ mini-prep kit, and conducted PCR amplification of several published microsatellite loci as described by Manca et al. (2013) . The microsatellite loci used to verify the crosses included the loci P4E6, P7D4, P7C2, and P4C11 (Manca et al. 2013) . The microsatellite genotypes of the progeny were checked against those of its two presumed parents. All parents were homozygous for the markers used. If the genotype of the progeny did not fit the expectation of heterozygosity but instead showed the genotype of the seed parent, we judged the cross to have failed.
All progeny plants were potted in 9 cm × 9 cm × 12 cm pots filled with 3:4 Pro-Mix PGX and vermiculite, and grown in the greenhouse in the McGill Phytotron in May-August 2014. For each cross combination, the twenty S 1 plants were grown with ten F 1 progeny in a randomized complete block design on the greenhouse bench and given a solution of 20-20-20 NPK fertilizer weekly.
Three traits were measured: seedling size (length and width of the fourth seedling leaf), plant weight, and fruit weight. Although these traits are not direct targets of genetic improvement, they are nevertheless closely associated with an important breeding target, seed yield. For instance, data from Steppuhn et al. (2010) show that seed yield is highly correlated with plant weight (Pearson correlation coefficient = 0.985, P < 0.001), and our own analysis shows a similarly strong correlation between seed and fruit weights (Pearson correlation coefficient = 0.986, P < 0.001). While early seedling size is not a direct target of Camelina breeders, it is known from many plant studies to be a determinant of later plant size and seed production (Harper 1977) .
The length and width measurements of the fourth true leaf were made 3 wk after sowing, prior to bolting, using a standard ruler accurate to 1 mm. The product of these two measurements is referred to below as "Leaf Area". After the plants had reached full size and had ceased to flower and fruit and began to senesce (7 wk after sowing), plants were cut at soil level, and fresh whole plant weight and fresh fruit weight were measured to the nearest 0.1 g. For the latter measurement the fruit were stripped from the plant by hand and weighed. These two measurements are referred to below as "Plant Weight" and "Fruit Weight".
Absolute and relative mid-parent heterosis (MPH) and best parent heterosis (BPH) for each measured trait was calculated as follows:
Relative BPH = 100 × ðmean F1 − P best Þ=P best where P best refers to the mean of the better performing parental accession. Leaf area was log transformed prior to analysis to normalize the data. Statistical analyses to determine significant heterosis (of absolute MPH and BPH) were performed with a two-tailed t-test (assuming unequal variances) in Microsoft Excel 2011.
Microsatellite genotyping of DNA extracted from the separate trios of two parents plus one progeny revealed that in 95% (19 out of 20) of the crosses checked for hybridity, progeny did arise from the parents selected to conduct the cross in question. In the one remaining case, the progeny individual tested arose from self-pollination parent. This low level of cross failure was considered acceptable, since detection of heterosis (phenotyping) was based on 10 plants per cross.
The performance of progeny was generally predictable from the mean of the two parental lines (i.e., slope of the regressions with their standard errors overlapped a value of 1.0), though some individual crosses produced hybrids that exhibited either significantly positive (or significantly negative) MPH and BPH (Table 1 ). In general, MPH was more prevalent than BPH. Analysis of Leaf Area revealed 27% of crosses with significantly positive MPH (P < 0.05) and 13% with significant BPH (P < 0.05) ( Table 1) . Analysis of Plant Weight revealed 29% of crosses with significant MPH (P < 0.05) and 6% with significant BPH (P < 0.05) ( Table 1) . Analysis of Fruit Weight revealed 24% of crosses with significant MPH (P < 0.05) and 5% with significant BPH (P < 0.05) ( Table 1) .
There was significant correlation among the heterosis values for the three phenotypes measured. The Pearson correlation coefficient between MPH for Leaf Area and Fruit Weight, Leaf Area and Plant Weight, and Fruit Weight and Plant Weight were 0.62, 0.66, and 0.65, respectively (all P values < 0.001). The Pearson correlation coefficient between BPH for Leaf Area and Fruit Weight, Leaf Area and Plant Weight, and Fruit Weight and Plant Weight were 0.38, 0.66, and 0.58, respectively (all P values < 0.001).
This is the first published investigation of heterosis in Camelina sativa. It is preliminary in terms of relatively small sample sizes of progeny employed, the single environment used, and the relatively few accessions studied. Our intent was not to estimate characteristics associated with heterosis such as general or specific combining abilities, but rather to conduct an exploratory analysis to determine whether heterosis could be detected in this species.
Crosses revealed mostly mid-as opposed to bestparent heterosis for the traits examined, and heterosis was more often detected for an early life cycle trait compared with later ones. The results are qualitatively similar to those seen in the related, inbreeding species Arabidopsis thaliana, where heterosis was more often detected in seedlings (Barth et al. 2003) .
The prospects of utilizing heterosis to improve Camelina sativa appear limited to certain accessions. For example, crosses involving accessions CN113658, CN113656, and CN113721 showed significant MPH and BPH for Plant and Fruit Weight (Table 1) . On the other hand, there is little evidence from our study that hybrids generally have significantly reduced growth, and this could be important if hybrid breeding were to be adopted to combine oil chemistries of separate accessions, as might be desirable for some industrial applications.
It is worth noting that the testing done for heterosis in our experiments was carried out with plants grown in the greenhouse, under ideal conditions of full watering and regular mineral fertilization, as opposed to field conditions. It is likely that our plants experienced lower stress conditions than would be expected under the types of conditions where Camelina is grown as a field crop. This may be particularly relevant in the case where the crop is grown on marginal lands, as has often been Accessions are referred to in table by the accession numbers used by the Canadian Genetic Resources System. Additional information (cultivar name, and country of origin when known): CN113656 (Ames26674, Sweden), CN113658 (Ames26676, Soviet Union), CN113669 (Ames26687, Austria), CN113671 (Ames26689, Soviet Union), CN113686 (Lindo), CN113715 (Volynskaja, Poland), CN113716 (Omskaja, Soviet Union), CN113721 (Wroclawska, Poland), CN113723 (PRFGK. 22, Germany), CN113746 (STAMM 06X10A, Germany), CN113749 (STAMM 06X14C, Germany), CN113750 (CAM 170, Poland), Celine (France).
b MPH or BPH significant with probability *P < 0.01, **P < 0.01. c denotes missing data.
proposed. It has been shown for some plant species, that stressful conditions can increase the phenotypic expression of deleterious alleles. If dominance heterosis is important to plant growth under stress, then under low stress conditions, as in our work, the difference between hybrids and their parental lines may be more difficult to detect.
When hybrid breeding programs are put into place, one of the more difficult tasks is the choice of parental lines to be used, and the prediction of performance of the hybrids. Information on genetic distance among parental lines (e.g., as gleaned from pedigrees or genetic marker data) can be useful in this regard. For instance, genetic distance between lines was found to be a useful predictor of heterosis in the case of turnip-rape (Brassica rapa) (Falk et al. 1994) . In future investigations of heterosis in Camelina, it would be useful to include a wider range of accessions (including information on genetic distances) and environmental conditions, and to determine whether the most pronounced MPH and BPH involves more genetically distant accessions as parents. Emerging genomic resources available for Camelina sativa together with QTL analyses for yield traits should provide the opportunity to further explore heterosis.
